Ferroelectric BaTiO 3 is widely used in capacitors, but the low Curie temperature limits a further use of BaTiO 3 . In this work we present an aqueous chemical solution deposition (CSD) route for BaTiO 3 thin films, demonstrating that organic solvents are not required for CSD. Textured BaTiO 3 thin films were deposited on SrTiO 3 substrates. The in-plane dielectric properties were investigated using interdigitated electrodes and ferroelectric switching was observed up to 160±5 • C. The increased Curie temperature is proposed to result from thermal strain due to a mismatch in thermal expansion coefficient between the film and the substrate, and is in good agreement with the theory of strain engineering in BaTiO 3 . Finally, the decomposition and crystallization of BaTiO 3 during thermal treatment were determined by the combination of thermal analysis, IR spectroscopy and X-ray diffraction of powder prepared from the solution.
I. INTRODUCTION
BaTiO 3 is widely used in capacitors due to its high dielectric constant, but it is also of interest for optical modulators, ferroelectric memory, as well as other devices that seek to utilize the ferroelectric properties inherent to this material. [1] [2] [3] [4] Several of these potential applications require thin films for miniature devices. Processing of thin films via chemical solution deposition (CSD) is attractive due to its low cost, ease of fabrication and scalability. Wet chemical methods such as CSD are also versatile tools for materials research as it is easy to adjust the chemical composition of the solution in order to study the effect of chemical substitution or dopants. For these reasons several reports on CSD of BaTiO 3 thin films have appeared. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Common for all previous studies is the reliance on organic solvents, which are in general irritants or toxic, and are thus also costly to handle. Replacing the organic solvents with water would therefore be beneficial, but to the best of the authors knowledge no reports of BaTiO 3 thin films or powder fabricated by aqueous wet chemical methods have appeared in the literature so far.
Thin films of BaTiO 3 made by CSD are typically made with granular texture, 16 although textured films have also been reported. 5, 17, 18 The substrate and synthesis conditions play important roles in the formation of texture, but the choice of substrate is also influenced by the methods used to characterize the properties. Characterization is normally done by making a parallel plate capacitor from the thin film and measuring out-of-plane properties. This requires the substrate surface to be conductive. However, by using interdigitated electrodes (IDEs) on the surface of the film, the in-plane dielectric and ferroelectric properties can be determined without the need of a conducting substrate. This has been done successfully for PZT, 19, 20 but to the best of the authors knowledge no reports using IDEs to characterize ferroelectric properties of BaTiO 3 are available. IDEs have the advantage that the capacitance and operating voltage are decoupled from the film thickness, simplifying device design, and ferroelectric films with IDEs are of interest for piezoelectric applications in micromechanical systems (MEMS). 19, 21, 22 Additionally, BaTiO 3 thin-film devices with IDEs are of interest for tunable capacitors 23, 24 and gas sensors. 25 Here, we report for the first time an aqueous CSD route to BaTiO 3 thin films. The films were deposited on single-crystal SrTiO 3 substrates, which have a lower thermal expansion coefficient than BaTiO 3 , 26 resulting in in-plane tensile strain in the films during cooling from the crystallization temperature. This is predicted by theory to give increased Curie temperature and a domain pattern consisting of in-plane polarization. 27 The in-plane ferroelectric properties were determined using Pt IDEs, and the ferroelectric properties, domain pattern, and the ferroelectric transition are discussed with respect to the effect of thermal strain.
II. EXPERIMENTAL

A. Material synthesis
The aqueous precursor solution used is based on a modified Pechini method. 28 First separate solutions of Ba 2+ and Ti 4+ complexes were prepared. The Ba-solution was made by drying Ba(NO 3 ) 2 (Sigma-Aldrich) at 200 • C. Following this, a solution of EDTA (Sigma-Aldrich) and ammonia (30 %, Sigma-Aldrich) in deionized water was prepared at 60 • C and pH ∼7. The dry Ba(NO 3 ) 2 was then added to this solution. Citric acid (Sigma-Aldrich) was added as a secondary complexing agent and the solution was stirred before the pH was adjusted back to neutral. The molar ratios were 1:1:4.8:2 for Ba(NO 3 ) 2 , EDTA, ammonia, and citric acid, respectively. Typical concentrations prepared were 0.3-0.5 M. The Ti-solution was made by dissolving citric acid in deionized water and adding Ti-4-isopropoxide (Sigma-Aldrich) while the solution was kept at 80 • C. The solution was stirred at 80 • C for 12 h before the pH was adjusted to 7 by addition of ammonia. The concentration of Ti in the solution was determined by thermogravimetric analysis. Typical concentrations were 0.5-0.7 M. The Ba-and Ti-solutions were mixed in stoichiometric ratios to make the final BaTiO 3 precursor solution. The stability of the precursor solution was >2 years for a concentration of 0.25 M.
BaTiO 3 thin films were deposited on (100) single-crystal SrTiO 3 substrates (1x1cm, Crystal-GMBH). The solution was diluted to a concentration of 0.13 M and spin-coated onto the substrates at 3000 rpm. The substrates with the films were placed in a rapid thermal processing furnace (JetFirst 200, Jipelec) for combined pyrolysis and thermal annealing. The films were heated with 100 • C/min from ambient temperature to 450 • C, with 50 • C/min up to 550 • C and 20 • C/s up to 1000 • C. The hold time at 1000 • C was 5 min. This process was repeated 8 times to prepare thicker films.
Amorphous powder for thermal analysis was prepared by drying the solutions at 120 • C, while powders for XRD and IR was prepared from solutions dried at 200 • C for 24 h. Powder dried at 200 • C was calcined at several different temperatures for 2 h with a heating rate of 200 • C/h.
B. Materials characterization
Interdigitated electrodes were patterned using a lift-off process based on ma-N 440-series photoresist (Microchem) exposed by a maskless aligner (Heidelberg MLA 150). Ti (5 nm) and Pt (20 nm) were deposited using e-beam evaporation to form the electrodes (ATC series, AJA international). The thin films with the electrodes were annealed in air at 600 • C for 2 h with a heating and cooling rate of 200 • C/h. Finally, the samples were cleaned in isopropanol using ultrasound for 2 min. A micrograph of a set of IDEs is shown in Figure 1 (a), and a schematic drawing is shown in (b). The IDEs had an electrode spacing, a, of 7.37 µm, electrode width of 2.63 µm, and 100 fingers with 900 µm overlap.
Electrical characterization was performed on an aixXACT TF analyzer 2000 using a thin film sample holder with integrated heating element and thermometer. The maximum electric field used was 20 kV/cm, calculated by dividing the voltage by the effective electrode spacing a' = a+4ln(2)t/π as described in Ref. 29 , where a is the actual electrode spacing and t is the film thickness. The coercive field and remnant polarization, P 0 , were found from where the hysteresis loop intersects the x-and y-axis in the first quadrant of the plot. The thin-films were investigated by X-ray diffraction (XRD) using a PanAlytical Empyrean diffractometer with a, a 4xGe220 monochromator, and a 2D detector. Scanning electron microscopy of the thin film surface was performed on a FEI APREO field-emission SEM in immersion mode using a backscatter electron detector, while the cross section was studied using a Zeiss SUPRA 55VP field-emission SEM with an in-lens detector. Cross section of the film was obtained by fracturing the substrate into two parts.
XRD patterns of powder samples were recorded using a Bruker D8 A25 DaVinci Diffractometer. Infrared spectra of the powders from 400 to 4000 cm -1 were measured using a Bruker FTIR instrument (VERTEX 80v) and a Bruker Platinum ATR diamond system. 32 scans were collected and averaged for each sample with a resolution of 4 cm -1 . Thermal analysis and differential scanning calorimetry (DSC) was performed on a NETZSCH STA 449C simultaneous thermal analyzer by heating at 10 • C/s.
III. RESULTS
The XRD pattern of a BaTiO 3 thin film deposited on a (100) SrTiO 3 substrate is shown in Figure 2 . Only (100) and (200) pseudo-cubic Bragg reflections of BaTiO 3 are observed, together with the reflections from the SrTiO 3 substrate. The absence of other reflections demonstrate that the BaTiO 3 thin films are phase pure and highly textured. The out-of-plane lattice parameter is found to be 4.000±0.005 Å based on the (200) reflection, which is close to the unit cell a-parameter at 3.992 Å for bulk BaTiO 3 . A SEM micrograph of the surface of a BaTiO 3 thin film is shown in Figure 4 . The thickness of the film was measured to be 180±6 nm based on cross-section SEM images. A SEM image of the cross-section is shown in the inset in Figure 4 .
The ferroelectric nature of the films are evident from the P-E-loop, shown in Figure 5 (a). The coercive field is 5 kV/cm and the remnant polarization is 13 µC/cm 2 . Figure 5 sharp switching events. A sizable capacitive contribution from the substrate is also evident, recognized by the high baseline (∼0.56 nF/cm) in Figure 5 (b). The temperature dependence of the ferroelectric hysteresis loop is shown in Figure 6 (a). The remnant polarization and coercive field are decreasing with increasing temperature, and the remnant polarization as a function of temperature is shown in Figure 6 (b). A dashed line is included showing the expected behavior of a Landau-Devonshire second order ferroelectric phase transition for an unclamped system, 30 and a good fit is observed for the lower temperature range. According to this model the remnant polarization should be zero above 126 • C, but the experimental results deviate, and the hysteresis loop in (a) recorded at 160 • C still shows signature of ferroelectric behavior. When the temperature was increased further, the leakage current become enhanced, and the polarization could not be determined accurately. Based on the experimental data the Curie temperature was estimated to be 160±5 • C.
Thermal processing of the thin films was based on the study of the thermal decomposition and crystallization of the amorphous powder, prepared from the precursor solution by drying. The thermal analysis is shown in Figure 7 . No significant mass loss is observed until ∼ 200 • C where the sample starts to decompose. This decomposition is endothermic in nature, as evidenced by the DSC signal. Upon further heating a continuous mass loss from exothermic reactions is observed until ∼ 460 • C. At this temperature a sudden mass loss occurs, which is most likely due to combustion of organic residuals in the sample. Minor mass loss is observed up to around 600 • C, where the mass stabilizes. XRD patterns of BaTiO 3 powders after thermal treatment are shown in Figure 8 (a). Crystalline phases appear when the powder is heat treated at 550 • C or above. The Bragg reflections are broad at 550 • C and become sharper with increasing calcination temperature. The main reflections can be indexed to BaTiO 3 , but some more diffuse reflections are assigned to the oxycarbonate phase previously observed. 6,31-37 These broad reflections disappear at 650 • C and above, where only BaTiO 3 is observed.
The infrared absorption spectra of the powders calcined at different temperatures are shown in Figure 8 (b). The precursor decomposes to form BaCO 3 and amorphous Ti-rich compounds, similar to the findings of Ischenko et al. 34, 35 The absorption band corresponding to asymmetric stretching of TiO 6 octahedra is observed at around 500 cm -1 from 550 • C and above, demonstrating the presence BaTiO 3 . 32, 33 (b) IR spectra of BaTiO 3 powders. The decomposition of the amorphous powder to barium carbonate is indicated with arrows, as is the evolution of the carbonate bands and the rise of an absorption band associated with octahedral coordination of Ti. This is the coordination Ti has in BaTiO 3 and the color gradient from red to blue is set to coincide with the rise of this band.
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IV. DISCUSSION
The thin films are found to be strongly textured (Figure 2 and 3) , demonstrating heterogeneous nucleation and growth of BaTiO 3 on the SrTiO 3 substrate. However, the thin films are not epitaxially strained, as the thickness of the films exceed by far the critical thickness for relaxation of the lattice parameter relative to the lattice parameter of the substrate. Epitaxial strain in BaTiO 3 thin films on SrTiO 3 substrate would lead to a compressive strain due to a smaller lattice parameter of SrTiO 3 relative to BaTiO 3 . On the contrary, our hypothesis is that a tensile strain is developed due to thermal strain as discussed by Evans and Hutchinson. 38 The film was thermally annealed at 1000 • C which resulted in films with high crystallinity and texture and with strong adhesion to the substrate (Figure 4) . Upon cooling, the substrate contracts according to the thermal expansion. The thermal expansion of BaTiO 3 (∼ 12.8×10 -6 K -1 in the range 120 to 1000 • C) is larger than that of SrTiO 3 (∼ 11.5×10 -6 K -1 ) but the film is clamped to the substrate and cannot contract freely. This causes in-plane tensile strain in the film as it cools from 1000 • C to ambient temperature as illustrated in Figure 9 . The in-plane tensile strain is suggested to energetically favor polarization in the in-plane direction, rather than out-of-plane. 27 The in-plane tensile strain is observed experimentally (Figure 3) , where the average in-plane lattice parameter (4.010 Å) is larger than the out-of-plane lattice parameter (4.000 Å).
A high remnant polarization and sharp switching events are observed in the films when compared to other films prepared by CSD. 18, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] This can be explained by the use of interdigitated electrodes that measure in-plane polarization, combined with the tensile strain that stabilizes the polarization inplane. Strain has previously been used to enhance the polarization and Curie temperature in BaTiO 3 by utilizing compressive epitaxial strain. 50, 51 This requires deposition at low temperature to avoid relaxation, typically achieved by molecular beam epitaxy or pulsed laser deposition. The current CSD process resulting in thicker films and utilize strain induced by the mismatch in thermal expansion. The in-plane thermal strain close to T C is estimated to 0.1 % with respect to the cubic phase. This level of strain is predicted to increase the Curie temperature to about 150 • C, 27 but the experimental results indicate a slightly higher Curie temperature (160 • C). However, it should be noted that the theoretical predictions were made by assuming a single-domain state at all temperatures with polarization in the [110] direction. Uneven strain in the film due to the thickness may also contribute to a different strain field close to the interface. The measured polarization values are approximately half of the polarization observed in BaTiO 3 single crystals, 52 but the coercive field is significantly higher 52 pseudo-cubic directions, and the pattern arises in order for the film to minimize stress. Since the polarization in BaTiO 3 follows the long axis, the domains also have alternating polarization directions, and are expected to form electrically neutral 45 • domain walls as shown. The inset in Figure 9 shows the extrapolated in-plane lattice parameter of BaTiO 3 constrained by the thermal contraction of the SrTiO 3 substrate, which is in good agreement with the observed average in-plane lattice parameter.
Finally, the thermal processing of the films was developed based on the insight in the thermal decomposition and crystallization of the amorphous BaTiO 3 powder. An oxycarbonate phase was observed to be formed at 550 • C and vanish at 650 • C, where formation of phase pure BaTiO 3 was confirmed by XRD. These results indicate a similar reaction mechanism as proposed by Ischenko (Equation 1), 34 where the BaTiO 3 forms through the reaction between barium oxycarbonate and amorphous barium deficient barium titanate.
(Ba, Ti) − precursor complex → (1 − y)BaO x (CO 3 ) 1−x + Ba y TiO 2+y → BaTiO 3 (1)
V. CONCLUSION
An aqueous chemical solution route for preparation of BaTiO 3 powders and thin films was developed. BaTiO 3 was shown to form via an intermediate carbonate phase, which transformed to phase pure BaTiO 3 when calcined at 650 • C or above. Epitaxial thin films were grown on SrTiO 3 substrates at 1000 • C. The in-plane ferroelectric properties of the films were confirmed by using IDEs, and a domain pattern was suggested based on reciprocal space mapping. The ferroelectric properties are characterized by high remnant polarization and sharp switching when compared to other films made by CSD. Ferroelectric switching was also confirmed at temperatures above the Curie temperature for bulk BaTiO 3 , demonstrating the effect of in-plane tensile strain developed due to thermal mismatch with the substrate. 
